We investigate how the properties of a nearby substrate modify the excitation and propagation of plasmons in subwavelength silver wires. With decreasing nanowire-substrate separation, the in-coupling efficiency shows strongly oscillatory behavior due to coherent interference. The plasmon damping increases with decreasing separation due to an increased coupling of the nanowire plasmons to the photonic modes of the substrate. 12-14 Plasmonic waveguiding is a possible solution to the interconnect problem between components in future integrated circuits, offering vastly improved bandwidth relative to traditional electrical interconnects. 15 Much recent work on plasmonic waveguides has focused on chemically synthesized metallic nanowires, which support plasmon propagation with minimum loss. 1, 8, 11, 12, [16] [17] [18] [19] [20] [21] [22] For efficient plasmonic waveguiding, it is important to minimize the loss inherent in the in-and out-coupling efficiencies between photons and plasmons and during plasmon propagation in the waveguide.
Surface-plasmons polaritons ͑SPPs͒ can propagate in subwavelength structures of widths that can be scaled down to a few tens of nanometer. [1] [2] [3] [4] [5] Various subwavelength plasmonic devices have already been developed, such as nanolasers, 6 modulators, 7 splitters, [8] [9] [10] detectors, 11 and polarization rotators. [12] [13] [14] Plasmonic waveguiding is a possible solution to the interconnect problem between components in future integrated circuits, offering vastly improved bandwidth relative to traditional electrical interconnects. 15 Much recent work on plasmonic waveguides has focused on chemically synthesized metallic nanowires, which support plasmon propagation with minimum loss. 1, 8, 11, 12, [16] [17] [18] [19] [20] [21] [22] For efficient plasmonic waveguiding, it is important to minimize the loss inherent in the in-and out-coupling efficiencies between photons and plasmons and during plasmon propagation in the waveguide. 9, [23] [24] [25] [26] [27] Several investigations of loss mechanisms have been performed, 24, 25 but to our knowledge, no previous investigation has addressed the possibilities of loss induced by energy transfer into the substrate. This is clearly an important issue since plasmonic waveguides and devices are almost universally fabricated or deposited on substrates of various dielectric or semiconducting media.
Here we investigate plasmon propagation in Ag nanowires positioned at different separations from dielectric substrates of various compositions. We find that both the incoupling efficiency of light into nanowire SPPs and the damping of the propagating plasmon depend sensitively on the proximity of the nanowire to the substrate and on the dielectric permittivity of the substrate. [28] [29] [30] While the damping of the propagating plasmon decreases monotonically with increasing nanowire-substrate separation, the incoupling efficiency exhibits a surprisingly nonmonotonic behavior, peaking at specific nanowire-substrate separations related to the interference between the incident light and reflected light from the substrate. The damping of the propagating plasmon influenced by the substrate can be understood as resulting from interactions between the nanowire and the substrate.
Chemically synthesized Ag nanowires 31 were deposited on Si substrates with SiO 2 surface spacer layers of varying thicknesses. The nanowire was then embedded in immersion oil with a refractive index matched to the silica layer. Thus the silica layer is negligible optically and serves only as a passive spacer layer. SPPs are launched at one end of the nanowire by a diffraction-limited 633 nm laser spot focused by an oil immersion objective ͑Olympus UPlanApo, 100ϫ, NA= 1.35͒. The polarization of the incident laser is rotated to be parallel to the nanowire axis by a half-wave plate to ensure maximum emission intensity. The emission intensity from the other end of the nanowire is recorded by a TE cooled 1392ϫ 1040 charge-coupled-device detector. The diameter of each nanowire is measured by scanning electron microscopy.
The emission intensities from nanowires of diameter in the range D = 90-100 nm, for three separations, are shown in Fig. 1͑a͒ . It is clearly seen that nanowires of similar lengths on a thick SiO 2 spacer layer ͑d = 110 nm͒ usually emit light more strongly than nanowires on a thin layer ͑d =67 nm͒. For silica layers of thickness less than 41 nm, there is almost no observable emission from the nanowire end. It should be noted that the measured data are still significantly scattered around the fitting line even when the distribution of nanowire diameters is narrowed to D = 95-100 nm. This scatter is mainly caused by the strong sensitivity of the SPP Fabry-Pérot resonances to slight variations in nanowire diameters and lengths, as reported previously. 20 Various shapes of nanowire terminations can also cause discrepancies in the emission intensity from nanowires with similar length and diameter. 20 To understand the strong dependence of nanowire emission on spacer layer thickness, we parametrize the emission intensity I e as
where L is the length of the nanowire, I 0 is the incident intensity, C͑d͒ is the in-coupling coefficient, and r͑D , d͒ is the 1 / e damping length of the nanowire SPPs.
In Fig. 1͑b͒ , the average emission intensity from nanowires of similar length L =4-4.5 m and diameter D = 90-100 nm on layered substrates as a function of silica layer thickness d, normalized it to maximum emission in each case, is shown. It is interesting that the average emission intensity exhibits a strongly nonmonotonic behavior, with maxima occurring at d ϳ 110 and 300 nm, decreasing very strongly as d is reduced to zero thickness. Figures 1͑c͒ and 1͑d͒ show the in-coupling coefficient C͑d͒ and 1 / e damping length r͑D , d͒ of SPPs in nanowires on layered substrates obtained by fitting the experimental data to Eq. ͑1͒. The in-coupling coefficient C is large for d = 40 nm, then decreases for increasing d until d ϳ 200 nm, then increases and peaks for d ϳ 300 nm, and then decreases. The damping length r͑D , d͒, on the other hand, increases monotonically with increasing silica thickness and saturates beyond d Ͼ 200 nm. The combined effect of increased in-coupling efficiency but decreased propagation length due to increased substrate coupling for small nanowire-substrate separations leads to an overall maximum in light emission at d ϳ 110 nm ͓Fig. 1͑b͔͒.
To understand the effect of the substrate on in-coupling efficiency and propagation length, electromagnetic simulations using finite-difference time-domain ͑FDTD͒-based commercial software ͑LUMERICAL͒ were performed. Figure  2͑a͒ shows the field distribution around a nanowire for d = 100 nm. It is clear that propagating SPPs are launched along the nanowire. Due to the superposition of the incident and substrate-reflected light, standing waves are formed in the vertical direction ͑y direction͒. The first two antinodes of standing waves are located at approximately 100 and 300 nm in the y direction. As the thickness of the spacer layer is increased, the excitation end of the nanowire moves across these two antinodes, enabling more efficient in-coupling and thus enhanced light emission ͓Figs. 1͑b͒ and 1͑c͔͒. The calculated emission intensity from a nanowire of length L =4 m and diameter D = 96 nm, shown in Fig. 1͑b͒ , agrees very well with the experimental data.
For d Ͻ 200 nm, when the nanowire is close to the Si substrate, the in-coupling coefficient C shown in Fig. 1͑c͒ increases dramatically. Although this means that more light can be coupled to SPPs in the nanowires for larger C, the proximity of the nanowire to the substrate results in significantly more damping, as evidenced by the reduced damping length r shown in Fig. 1͑d͒ .
To understand the strong decrease in propagation length 
FIG. 2. ͑Color͒ ͑a͒ The field distribution ͉͑E͉
2 ͒ around the nanowire of diameter 96 nm, length 4 m, and d = 100 nm excited by a 633 nm laser with parallel polarization relative to the wire axis at the left end. ͑b͒ The plasmon-induced surface charge amplitude on the nanowire without and with adjacent Si surface ͑d =10 nm͒. The charge is obtained by the divergence of the electric field. The unit of charge is arbitrary from +1 to −1 corresponding to color from red to blue. ͑c͒ The intensity of the electric field confined in the wiresubstrate gap in ͑b͒ on a logarithmic scale. ͑d͒ The Poynting vector/ electromagnetic energy flow around the first 200 nm of the wire and the wire-substrate gap. Arrows denotes the direction of the flow; the color represents the local electric intensity.
with decreasing spacer layer thickness, we calculate the plasmon-induced surface charge on the surface of a silver nanowire and the induced surface charges at the silicon interface for a thin d = 10 nm silica spacer layer ͓Fig. 2͑b͔͒. Here the large induced surface charges at the silicon interface represent a strong coupling to the nanowire plasmon, which results in the wavelength of the propagating plasmons being reduced to ϳ200 nm, in comparison with the case of a free wire without substrate ͑ plasmons ϳ 320 nm͒. The charge distribution in the substrate can confine the plasmon modes in the gap between the nanowire and the silicon surface, 32, 33 as indicated in Fig. 2͑c͒. Figure 2͑d͒ shows the Poynting vector/ electromagnetic energy flow in the gap and wire. It is clear that the photons can propagate in the wire-substrate gap, i.e., that, the gap mode is excited. When d is decreased, the resonance of the gap mode is redshifted and results in larger propagation damping. By calculating the energy flow along the nanowire for different separations, the corresponding SPP damping lengths are extracted and plotted with the black curve in Fig. 1͑c͒ . The calculated values are about 40% larger than the experimental values. This discrepancy may be caused by uncertainties in the silver dielectric function used in calculation, 34 or may also be due to the presence of defects in the chemically synthesized nanowires. For d Ͻ 40 nm, the damping of the nanowire plasmons becomes so large that the resulting emission intensity from the nanowire end becomes very weak. This may be the reason why no light emission was detected at the distal end of the nanowire and only the light scattered by the wire end could be detected, as shown by the hollow squares in Fig. 1͑a͒ . Further analysis shows that the substrate-induced damping length approximately follows the relation, r = r 0 e Since silicon with its indirect band gap around 1.1 eV has a weak absorption at 633 nm ͑1.96 eV͒, one might suspect that the substrate-induced damping may originate from direct absorption in the silicon substrate. To test this hypothesis, we measure the emission intensity from nanowires on a GaP substrate ͑band gap 2.26 eV͒ which has a similar refractive index n = 3.31 to silicon but no absorption at 633 nm. As shown by the hollow triangles in Fig. 3͑a͒ , there is no observable emission from the nanowire end on the GaP substrate, similar to the result for nanowires near the silicon substrate. This observation shows that substrate-induced damping is due to primarily to conversion of plasmons into photonic modes of the substrate, not by weak electron-hole excitations in the substrate. This result is also confirmed by the calculated damping length of SPPs as a function of substrate refractive index, shown in Fig. 3͑b͒ The damping length decreases with the increase in the refractive index of the substrate due to increasing nanowire-substrate coupling. For a substrate with n Ͼ 3, the coupling to the substrate is so strong to become saturated and not dependent on n, the damping length is reduced to a constant r ϳ 0.6 m. That is the main cause for the kink observed when n Ͼ 3.
Conversely, the effect of strongly absorptive substrates on the damping length r can be large, which can be seen by comparing nanowire plasmon propagation for nanowires placed in direct contact ͑d =0͒ on silicon carbide ͑SiC band gap 3.03 eV͒ and cadmium telluride ͑CdTe band gap 1.5 eV͒ substrates. The real part of the refractive index of these two materials are similar but CdTe absorbs strongly at 633 nm ͑for SiC n = 2.63 and CdTe n = 2.86+ 0.238i͒. Figure 3͑a͒ shows that while SPPs can propagate efficiently on nanowires on the SiC substrate ͑circles͒, no observable light emission occurs for nanowires on the CdTe substrate ͑hollow squares͒. The calculated damping length of plasmons on nanowires on a SiC substrate is ϳ1.4 times larger than for the CdTe substrate. The absorption caused by band-gap excitations of the CdTe substrate thus induces an additional decay channel for SPPs.
In conclusion, we have measured the emission intensity of SPPs launched in individual silver nanowires at different separations from different substrates. We find that both the in-coupling efficiency and the damping length of the nanowire plasmons are influenced by the presence of a nearby substrate. The in-coupling efficiency can exhibit strong peaks for certain wire-substrate separations due to the interference between incident and reflected light. In contrast, coupling to the substrate makes the decay length of nanowire plasmons decrease monotonically with decreasing wire-substrate separation. This coupling depends on wire-substrate separation and the dielectric permittivity of the substrate. For strongly absorbing substrates, the substrate-induced damping can be very large. The understanding of the propagating properties of surface plasmons on substrates is important for the development of nanoscale photonic devices. 
